Spin selectivity in angle-resolved Auger photoelectron coincidence spectroscopy (AR-APECS) is used to probe electron correlation in ferromagnetic thin films. In particular, exploiting the AR-APECS capability to discriminate Auger electron emission events characterized by valence hole pairs created either in the high or in the low total spin state, a strong correlation effect in the Fe M 2;3 VV Auger line shape (measured in coincidence with the Fe 3p photoelectrons) of Fe=Cuð001Þ thin films is detected and ascribed to interactions within the majority spin subband. Such an assignment follows from a close comparison of the experimental AR-APECS line shapes with the predictions of a model based on spin polarized density functional theory and the Cini-Sawatzky approach.
The nature of valence electrons in solids is often classified in terms of the degree to which electron-electron interactions dictate their behavior. Itinerant electron systems, particularly those whose wave functions are derived from states of s-or p-character, are often characterized by an on-site electron-electron Coulomb interaction energy (U) that is small compared to the valence band width (W), and are well described within a mean field approximation using approaches such as density functional theory [1] . On the other hand, for systems where U is large compared to W, neglect of the mutual repulsion among the electrons will lead to an erroneous description of the material's properties. Examples of such highly correlated systems are those where f-electrons dictate material properties: Electron-electron interactions are so strong that they are best described by approaches that embrace these correlations at the outset, such as dynamical mean field theory [2, 3] . Transition metals and their compounds often are intermediate cases where electron-electron interactions cannot be ignored, but may be adequately described in a perturbative manner [4] [5] [6] [7] . When the Coulomb repulsion among electrons is important, it is typically characterized by a single average interaction energy U. However, in ferromagnetic systems where the magnetic exchange interaction energy, Á, is of a similar magnitude as U and W, majority and minority spin electrons may exhibit different degrees of localization [8, 9] . As a result, different theoretical approaches must be used to adequately describe the behavior of each spin population [10] .
In this Letter, we investigate this issue with a combined experimental and theoretical angle-resolved Auger-photoelectron coincidence spectroscopy (AR-APECS) study of the Fe M 2;3 VV Auger transition from a ferromagnetic Fe thin film epitaxially grown on the Cu (001) surface. The final state in this core-valence-valence Auger transition is comprised of two holes in the Fe valence band. By appropriate choice of experimental parameters, sensitivity of the AR-APECS spectra to triplet (total spin moment S ¼ 1) configurations of the two-hole final state can be enhanced or reduced with respect to that of the singlet (S ¼ 0) [11] . We find that, while contributions to the spectrum from decay channels that involve minority spin electrons are well described within an independent electron approximation, significant correlation effects must be included to account for the final state with two majority-spin holes.
The experiments were carried out at the ALOISA beam line of the ELETTRA synchrotron radiation facility (Basovizza-Trieste, Italy). For the measurements, performed at room temperature, we used a Cu(001) substrate, cleaned in the vacuum chamber by 1 keV Ar þ -ion bombardment and subsequently annealed to $700 K. An atomically clean and highly ordered Cu(001) surface was verified by x-ray photoemission spectroscopy and reflection high energy electron diffraction. A three monolayer thick Fe film was grown by electron beam-assisted thermal evaporation at a pressure of about 5 Â 10 À8 Pa. The film thickness was monitored by calibrating the evaporation rate with a quartz microbalance, and the film was not subjected to any magnetic or thermal treatment. Monochromatic, linearly polarized photons of 250 eV energy impinged on the sample at grazing incidence of
week ending 21 SEPTEMBER 2012 0031-9007=12=109(12)=126401 (5) 126401-1 Ó 2012 American Physical Society about 5 , with the sample normal in the plane defined by, the light polarization, andk, its propagation vector. In the experimental set up, discussed in detail in a previous paper [12] , five electron energy analyzers, each having an angular resolution of about 2 , were positioned in the plane defined by andk; one electron analyzer was aligned with , two analyzers were at AE18 with respect to and two at AE36 . For the present experiment the two analyzers at AE18 were tuned to detect Fe 3p core level photoelectrons within an energy window of 4.3 eV, fixed by the analyzer energy resolution, suitable for collecting the entire Fe 3p peak. The other analyzers were scanning over the M 2;3 VV Fe Auger electrons spectra with an energy resolution of 1.8 eV. Each pair of analyzers can be considered arranged according to one of two geometries: the photoelectron emission direction was always set close (at 18 ) from the light polarization direction (which is taken as the quantization axis of the angular momentum l), hence favoring the detection of photoelectrons having m l ¼ 0, henceforth termed ''aligned'' [13] ; the Auger electron emission was either aligned (at 0 ) or ''not aligned'' (i.e., at a larger angle, 36 ) with the light polarization. The two configurations will be referred to as AA, meaning that both electrons are aligned (A) with and AN, where the photoelectron is aligned (A) with, and the Auger electron is not (N). The azimuthal directions were along the (100) symmetry axis of the surface.
The Fe M 2;3 VV Auger spectra taken at room temperature (which is below the critical temperature for the used Fe thickness [14] ) in coincidence with 3p photoelectrons are reported in Fig. 1 for the AA (open circles) and AN (solid triangles) geometries. The solid lines are guides to the eye. The single (i.e., noncoincidence) Auger spectra, taken simultaneously in the two geometries, are indistinguishable from each other and their sum is shown as the dashed line. The line shape of the AN coincidence spectrum clearly exhibits two features centered at about 38 and 43 eV. These features are reduced and enhanced, respectively, in the AA spectrum. The subtraction between the two spectra, reported as crosses at the bottom of Fig. 1 , highlights the differences incurred by changing geometry. In previous AR-APECS studies of Sn [11] and Cu [13] it was found that changing from the AA to the AN geometry enhances the high spin (triplet) double hole Auger final states and reduces the low spin (singlet) states. Based on those results, we associate the 38 eV and 43 eV features with triplet and singlet final states, respectively. This qualitative interpretation will be placed on a solid quantitative footing here by studying theoretically the angular resolved transition as a function of the spin configuration.
We assume that the initial photoionization and the subsequent Auger decay of the core hole can be treated as two independent events, the latter being described by the Fermi golden rule. We evaluate the density of states (DOS) and wave functions of the final state in absence of the core hole [15] and compute the total spectrum for electrons emitted with momentum k A and kinetic energy E k A as
where X and Y are the final-state quantum numbers, A X is the Auger matrix element (given by the Coulomb operator V) corresponding to the final state X, E C is the core electron energy level here taken empirically as E C ¼ À46:0 eV, D XY represents the two-electron DOS, and atomic units are used unless otherwise specified. In the present treatment we neglect the relatively small spin-orbit interactions both in the core 3p and in the valence 3d states involved in the M 2;3 VV transition. Let us expand X by quantum numbers I, I , J, J , and Y by I 0 , I 0 , J 0 , J 0 , where I, J denote collectively the singleparticle quantum numbers but for the spins I , J . The DOS for two noninteracting holes is obtained from the convolution (indicated by Ã) of single-particle ones, d
ð I Þ II 0 I I 0 , which are taken to be spin-diagonal:
Equation (1) may be rewritten by translating the sum over X into , and following some steps of calculations we obtain
where jIJÞ ¼ jIi jJi are nonantisymmetrized states of the canonical basis [16] ; C and A denote quantum numbers of the core electron and of the Auger electron, respectively. Recalling that the photoelectrons in the experiments were detected close to the electric field direction, they are assumed to be in a m l ¼ 0 state. The dipole selection rules of photoemission imply that the core state is also in a m l ¼ 0 state. Hence, a 3p z core state (with z set along) is taken when evaluating the angular distribution of Auger electrons. To better highlight the angular dependence of the Auger deexcitation, we initially treat the system as a magnetic Fe atom hosted in infinite Cu metal modeled by jellium [17] . The Auger intensity I C A is obtained by integrating P C A in Eq. (3) over the full kinetic energy range and only depends on the polar angle between k A and the z axis. The results are reported in Fig. 2(a) for the processes resulting from the four possible core-(C) and Auger-(A) electron spin combinations, which we denote by ( C A ). The curves of Fig. 2(a) exhibit several interesting features. Essential for the present analysis is that IðÞ for antiparallel spin transitions decreases with , while the parallel spins exhibit the opposite angular dependence. This result is the origin of the so-called dichroic effect found in the angular distribution [11, 13] , represented in Fig. 1 as the difference curve.
To simulate the AR-APECS spectrum, we extract the angular dependence of the matrix elements from the full spectrum calculation assuming that the core-valencevalence signal is proportional to the local two-particle DOS computed in a volume V around the ionized atom, which reflects the localized nature of the process:
This defines implicitly an ''effective matrix element'', M, that can be straightforwardly computed from the Auger intensity shown in Fig. 2(a) . Indeed, by integrating Eq. (4) over E k A we obtain:
Here, n ðÞ V is the valence electron charge of spin in the atomic volume V (taken to be a sphere of radius 1.77 Å ).
The result is reported in Fig. 2(b) . Notice that M "" and M ## are very similar, the difference between the respective intensities shown in Fig. 2(a) being attributed to the lower number of the minority spin electrons, n
We are now in the position to evaluate the Auger line shape of the real system by using Eq. (4) with values of M extracted above. The electronic structure of an Fe trilayer in a planar geometry on a semi-infinite Cu substrate was calculated with the linearized augmented plane wave embedding approach within density-functional theory [18] . The DOS for the topmost Fe atom is shown in the inset of Fig. 3(a) , separately for the majority ( " ) and minority ( # ) spin components. Note that the DOS for second-and thirdlayer Fe atoms, which also contribute to the Auger rate, are nearly identical to that from the first layer and, since they do not lead to appreciable differences in the following analysis, will not be discussed. The DOS displays a spin polarization in the valence band: the d " levels fall below the Fermi level E F , resulting in a completely filled majority spin-component band; in contrast, several ( # ) spin states fall above E F resulting in a partially filled minority spin band.
The individual calculated contributions to the Auger transitions for an emission angle of 36 (as in the AN geometry) are reported in Fig. 3(a) . At E k A % 43 eV one finds that the two ( "# ) and ( #" ) decays, which include both singlet and triplet states, dominate. A contribution at higher kinetic energy, coming from the ( ## ) channel (triplet), has a low intensity owing to the lower minority spin population and to the partial cancellation between Coulomb integrals in Eq. (3). The curve without symbols derives from the ( "" ) channel (triplet), which falls within the same energy range as the ( "# ) contributions. It is evident that summing these curves would result in a spectral line shape that gives a good account of the high kinetic energy feature at 43 eV, but does not explain the 38 eV peak.
What is missing from this analysis is hole-hole correlation. Since, as seen in the inset of Fig. 3(a) , the majority spin band is completely filled and, on the contrary, the minority spin component of the d band is partially filled, ( " ) holes are more localized than ( # ) ones. As a result, correlation effects can be weak for transitions involving ( # ) holes and therefore can be safely neglected while, in contrast, the contribution from the ( "" ) term in Eq. (4) (necessarily in a triplet state) should be replaced by an interacting two-hole DOS as proposed by Cini [19] and Sawatzky [20] , and recently applied in an ab initio framework for non polarized systems [21] . This is shown, for the case of U "" ¼ 2:7 eV as pluses in Fig. 3(a) , and gives a distinct peak near 38 eV.
The sum of the four decay channels is displayed as the solid curves in Fig. 3(b) for the two geometries, and explains all of the features in the data. Following our assignment of the peaks we can describe the low energy (38 eV) peak as a triplet only and the higher energy (43 eV) one as a mixed singlet triplet in agreement to previous works [11, 13, 22, 23] . The agreement between measured and computed spectra is very good: Theory well accounts for the presence of two peaks in the Auger energy distribution and their angular dependence in the measurements. The two main features stem from the four spin combinations of the valence electrons involved in the decay: three processes contribute to a single peak and are well described by a single particle approach while, in order to correctly account for the significant shift to lower kinetic energy of the contribution relative to two electrons from the filled majority spin band, a Cini-Sawatzky description has to be used for the second peak. This indicates that hole-hole interaction is more effective when two majority spin electrons are involved and points out how hole-hole correlation strongly depends on the spin properties of the valence electrons.
This investigation demonstrates the coexistence in the same system of two dramatically different on-site electronelectron interactions depending on the spins of the electron couple. These interactions produce clearly separate features in the spin-dependent two-particle density of states probed locally by Auger-photoelectron coincidence spectroscopy and can be unambiguously attributed thanks to angle-resolved measurements. The phenomenon arises because a hole in the completely filled majority spin band is significantly more localized than in the partially filled minority spin one. This different degree of localization should manifest itself in a wide variety of physical properties ranging from one-electron spectral functions, such as those observed in spin-polarized valence band photoemission measurements [24] [25] [26] [27] , to spin-dependent transport as is relevant for spintronic applications [10] .
